Summary PA-U2, an engineered anthrax protective antigen that is activated by urokinase was combined with wildtype lethal factor in the treatment of Colo205 colon adenocarcinoma in vitro and B16-BL6 mouse melanoma in vitro and in vivo. This therapy was also tested in combination with the small molecule paclitaxel, based on prior reports suggesting synergy between ERK1/2 inhibition and chemotherapeutics. Colo205 was sensitive to PA-U2/LF while B16-BL6 was not. For the combination treatment of B16-BL6, paclitaxel showed a dose response in vitro, but cells remained resistant to PA-U2/LF even in the presence of paclitaxel. In vivo, each therapy slowed tumor progression, and an additive effect between the two was observed. Since LF targets tumor vasculature while paclitaxel is an antimitotic, it is possible the agents were acting against different cells in the stroma, precluding a synergistic effect. The engineered anthrax toxin PA-U2/LF warrants further development and testing, possibly in combination with an antiangiogenesis therapy such as sunitinib or sorafinib.
Introduction
Despite the declaration of the War on Cancer by Richard Nixon in 1971, cancer remains the second leading cause of death in the United States, accounting for 23.3 % of deaths in 2009 (http://www.cdc.gov/nchs/data/dvs/deaths_2009_release.pdf). Huge strides have been made in the past 40 years in both prevention and treatment of disease, but locally advanced and metastatic cancers remain deadly. Chemotherapeutics such as cyclophosphamide [1, 2] , cisplatin [3, 4] , doxorubicin [5] , and paclitaxel [4, 6, 7] now serve as backbone agents for combination therapies that have lengthened survival times for many forms of cancer; however, these drugs are limited in their efficacy by toxicities, often cardiac [8] , hematopoietic [9] , neurological [10] , and nephritic [11] in nature. They also cause nausea, vomiting, and alopecia, decreasing a patient's quality of life [12] .
Recent advances in treatment include tyrosine kinase inhibitors (TKIs) and biological agents, which have much better toxicity profiles compared to standard chemotherapeutics. TKIs include erlotinib, imatinib, and crizotinib, and patients whose tumors have sensitizing mutations show marked responses within the first few months of treatment, but are prone to relapse within 18 months due to the evolution of various resistance mechanisms [13] [14] [15] . Biologics include several different categories of agents such as interferons, interleukins, and colony stimulating factors, but the most prevalent are monoclonal antibodies such as bevacizumab and trastuzumab. These agents neutralize growth factors or block signaling of important receptor tyrosine kinases and can be employed as an add-on to a standard chemotherapy backbone or as single agents [16] [17] [18] . Another subset of biologic therapies is the immunotoxins, which consist of cell-targeting ligands such as growth factors or antibodies that are conjugated to toxic drugs, peptides, or proteins [19] . Toxic moieties include the ADP-ribosyltransferase Pseudomonas exotoxin A [20] , diphtheria toxin [21] , the small molecule DM1 [22, 23] , deglycosylated ricin A-chain [24] , and the plant toxin gelonin [25] . These immunotoxins bind to cancer-specific cell surface markers and are endocytosed into the cytoplasm where they kill the cancer cell.
An alternate system of employing bacterial toxins as therapeutic agents involves specific activation of the toxins by proteases overexpressed in tumor stroma, such as matrix metalloproteases (MMPs), urokinase plasminogen activator (uPA), and in the case of prostate cancer, prostate specific antigen (PSA). These toxins are administered systemically but show activity only in tissues that express the selected protease. To date, only two toxins have been so altered: B. anthracis protective antigen [26, 27] and A. hydrophila proaerolysin [28] . Protective antigen (PA) is the cellular binding component of lethal toxin, an AB toxin that utilizes PA and a separate catalytic protein, lethal factor (LF), while proaerolysin is a single-part, pore forming toxin [29, 30] . Proaerolysin is secreted as a dimer that binds to glycophosphatidylinositolanchored proteins on the cell surface, while PA is secreted as a monomer and binds to one of two transmembrane proteins, capillary morphogenesis protein 2 or tumor endothelial marker 8. Both PA and proaerolysin are cleaved by cell surface furin or related proteases to release an inhibitory fragment. The activated proteins then oligomerize to form 7-(PA and aerolysin) and 8-(PA only) membered rings [31] . At this point, the mechanism of the two toxins diverges. Aerolysin forms pores in the cellular membranes, allowing for loss of small molecules and ions, ultimately leading to apoptosis. In contrast, PA oligomers bind LF and the entire complex is endocytosed. A pH change within the vesicle causes a pore to form, and LF is translocated into the cytosol where it cleaves mitogenactivated protein kinase kinases 1, 2, 3, 4, 6, and 7, shutting down the ERK, p38, and JNK pathways [32] [33] [34] [35] . This leads to death in many cell types. A recent report found that anthrax lethal factor also cleaves rat Nlrp1b, activating the inflammasome and leading to release of IL-1β [36] .
PRX302, an engineered version of proaerolysin with activating protease specificity altered to PSA, is currently in phase II trials for benign prostatic hyperplasia (NCT01454349) [28] . Several labs have been investigating the use of engineered anthrax lethal toxin for various tumors and different combinations of PA mutants combined with natural and engineered catalytic moieties have been published. Tumor-specific mutants include PA-L1, which is activated by matrix metalloproteases, combined with either wild-type lethal factor or FP59, and PA-U2, a urokinase plasminogen activator-activated PA, in combination with FP59 [26, 27, [37] [38] [39] . FP59 is a fusion protein containing the PA binding domain of LF fused to the catalytic domain of Pseudomonas exotoxin A. Another version of lethal toxin requires both MMP and uPA proteases for full cytotoxicity by mutating the LF binding site to prevent binding except when the differentially activated PAs are next to each other in the oligomer [40] . These four combinations have shown activity in vitro and in vivo; however, it is important to note that ERK-addiction is necessary for in vitro sensitivity to lethal factor-containing regimens [39] . PA-L1/LF shrank tumors in vivo regardless of BRAF mutational status, indicating that the mechanism of action in vivo is not related to ERK-addiction in the cancer cell. Histology found that tumor vasculature crosssectional area was significantly reduced compared to PBStreated tumors, suggesting that angiogenesis was the key target of this regimen. Based on these findings, we set out to evaluate the efficacy of PA-U2/LF on a sensitive and resistant line in vitro, and a resistant line in vivo.
In addition to determining the efficacy of PA-U2/LF alone, we believe that combining the toxin with currently used therapies might be of benefit. Several previous reports have found evidence suggesting benefit in combining chemotherapeutics with ERK blockage. ERK inhibition has been found to downregulate P-glycoprotein, the product of the MDR1 gene [41] and to show increased activity when combined with irinotecan or taxanes [42] . In addition, while the allosteric ERK1/2 inhibitor AZD6244 was found to be cytostatic in several melanoma lines, the combination of AZD6244 and a taxane proved to be cytotoxic [43] . Other work has examined the effectiveness of combination therapies involving immunotoxins, which showed synergy, albeit by a mechanism unrelated to ERK inhibition [44] [45] [46] . Since lethal factor inhibits ERK signaling, we desired to examine the effect of combination therapy with the urokinase-activated protective antigen, PA-U2, in combination with wild-type lethal factor and paclitaxel. The results from published studies involving AZD6244 suggest that cells which are not sensitive to LF in vitro may be sensitized by taxane treatment, allowing for direct targeting of the tumor cells.
Materials and methods

General methods
PA, PA-U2, and LF were purified as previously described [47] . Colo205 was obtained from the NCI-60 cell panel and B16-BL6 mouse melanoma was kindly provided by Judah Folkman, Harvard Medical School, Boston, MA. Both were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented to 10 % fetal bovine serum, 50 μg/mL gentamycin (both from Life Technologies, Grand Island, NY), and 10 mM Hepes, pH 7.3 (Quality Biological, Gaithersburg, MD) in a humidified incubator at 37°C and 5 % CO 2 . Paclitaxel was purchased from Teva Pharmaceuticals (Washington, DC). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma (St. Louis, MO). Female C57BL6/J mice, aged 6-8 weeks, were purchased from Jackson Labs (Bar Harbor, ME). The mice were housed in a pathogen-free facility certified by the Association for Assessment and Accreditation of Laboratory Animal Care International, and the study was carried out in accordance with institutional guidelines.
In vitro toxicity assays Colo205 and B16-BL6 cells were plated at 50,000 cells/well and 5,000 cells/well, respectively, in a 96-well plate in supplemented DMEM. The next day, PA or PA-U2 was added at 7 different concentrations (1-1,000 ng/mL) with a constant concentration of LF at 500 ng/mL in triplicate and the cells were incubated for an additional 48 h. MTT was added to a concentration of 0.5 mg/mL and the cells were incubated for an additional hour. The medium was aspirated and MTT was solubilized in 91 % isopropanol containing 0.5 % sodium dodecylsulfate and 0.038 M hydrochloric acid and read using a SpectraMax 190 plate reader and Softmax Pro 4.7.1 software (Molecular Devices, Sunnyvale, CA) at 570 and 490 nm. The difference of the absorbances was used to determine percent survival as compared to a no-treatment control.
In vitro combination cytotoxicity assay B16-BL6 cells were seeded in 96-well plates at 5,000 cells/ well in supplemented DMEM. The following day, paclitaxel was added to a final concentration of 0, 0.75, 2.5 or 7.5 ng/mL. The next day, PA or PA-U2 was added at 7 different concentrations (1-1,000 ng/mL) with a constant concentration of LF at 500 ng/mL in triplicate and the cells were incubated for an additional 48 h. MTT was added for the last hour of incubation and the plates were read as above.
Mouse tumor models B16-BL6 cells (5×10 5 ) were injected into the right flank of 40 C57BL/6J mice in 0.1 mL unsupplemented DMEM. On day 5 after inoculation, mice received intraparitoneally (i.p.) either paclitaxel at 50 mg/kg or blank vehicle in 0.5 mL PBS. On days 6, 9, and 12, mice received i.p. either 30 μg PA-U2 and 10 μg LF in 0.5 mL PBS or 0.5 mL PBS alone. Mice were weighed before injection and tumors were measured on days 5, 6, 9, 12, and 14 and volumes were calculated by the formula, (length × width × height)/2.
Statistical analysis
Tumor sizes were analyzed by repeated measures ANOVA. To account for differences in the initial tumor volume between mice, the volume measurements were normalized to their values on the first day of treatment. In order to approximate the assumptions for the distributions within groups, the volumes were transformed to the spherical diameter. Treatments were assessed for their individual efficacy in reducing tumor growth as compared to vehicle control, as well as their synergistic relationship over days five to fourteen. Synergy was defined as the combination treatment having a significantly greater effect than the sum of the two individual treatments.
Results
In vitro activity on tumor cell lines
Two cell lines, Colo205 colon adenocarcinoma and B16-BL6 melanoma were treated with PA/LF and urokinase-activated PA-U2/LF to evaluate the sensitivity of these cells to the toxin as a single agent. Wild-type PA was used to control for the unknown expression levels of urokinase in the cell lines. The cells were treated with 7 different concentrations of the PA variants (1-1,000 ng/mL) in the presence of a constant amount of LF. While Colo205 showed sensitivity to both toxin combinations, with an EC50 of less than 1 ng/mL, B16-BL6 proved to be only partially sensitive to even the highest amount of lethal toxin (Fig. 1) . To study the ability of the combination therapy of paclitaxel and PA-U2/LF to kill the resistant line B16-BL6, the cells were exposed to a 24-h pretreatment of four different doses of paclitaxel (0, 0.75, 2.5, or 7.5 ng/mL) followed by addition of PA/LF or the PA-U2/LF in varying doses of PA (1-1,000 ng/mL). While the paclitaxel treatment showed some cytotoxic effect in a dosedependent manner, neither PA variant showed an effect alone, or in combination with paclitaxel (Fig. 2) .
In vivo treatment of B16-BL6 tumors
To study the effectiveness of the combination of paclitaxel and PA-U2/LF on a resistant cell line in vivo, B16-BL6 tumors were inoculated into the right flank of 40 C57BL/6J mice. At day 5 after inoculation, the mice received paclitaxel at 50 mg/ Fig. 3a) . Tumors in mice that had received a subtherapeutic dose of paclitaxel had less growth, reaching 878 mm 2 by day 14. The PA-U2/LF and combination groups showed much slower tumor growth compared to either the vehicle or paclitaxel groups, with the combination group showing the smallest tumors. Although one mouse in both the vehicle and PA-U2/LF treatment groups died of disease progression at day 12, these were included in the statistical analysis. The individual treatment with either paclitaxel or PA-U2/LF, as well as the combination, led to significantly reduced tumor volumes compared to the vehicle treatment arm (p00.0002, p<0.0001, and p<0.0001, respectively). The combination arm was also more effective than PA-U2/ LF alone (p00.0037). There was no evidence of synergy between the treatments (p00.69). The paclitaxel group had a faster effect on tumor volumes, probably due to its earlier administration. None of the treatments caused a significant effect on body weight (Fig. 3b) .
Discussion
To establish the effectiveness of the engineered bacterial toxin PA-U2/LF, Colo205 colon adenocarcinoma and B16-BL6 mouse melanoma were treated with wild-type PA/LF or PA-U2/LF over the range of 1-1,000 ng/mL in vitro. Colo205 showed a concentration response to the treatment with an EC50 of <1 ng/mL while B16-BL6 was resistant at all concentrations tested. Previous tests of the matrix metalloprotease-activated PA (PA-L1) in combination with LF found that Colo205 was sensitive to the toxin with an EC50 of 10 ng/mL, which is 10-fold higher than the EC50 of the PA-U2/LF tested here. It was previously noted that BRAF mutational status was predictive of an in vitro response to lethal toxin treatment [39, 48] . This is presumably because cells harboring the B-RAF V600E mutation depend on ERK activation for survival and growth, whereas other cell types are able to survive in the presence of ERK inhibition. The resistance of B16-BL6 melanoma to both PA/LF and PA-U2/ LF in vitro is expected since this line does not harbor tumorigenic mutations in H-, N-, and K-RAS, or B-RAF [49] . Despite the cell line's resistance to lethal toxin in vitro, the B16-BL6 tumors implanted in mice were susceptible to PA-U2/LF as a single agent, and also in combination with paclitaxel. This is in agreement with previous data for PA-L1/LF, which has been shown to slow the growth of both LF-sensitive and LF-resistant tumors implanted in mice. It is thought that the toxin is not targeting the tumor cells directly in these situations, but is instead impairing another component of the tumor stroma, leading to shrinkage or retardation of growth, depending on the tumor type. Based on the massive reduction in vasculature cross section seen in histological sections of tumors treated with PA-L1/LF, a component of tumor blood vessels is thought to be the main target, but studies to identify the cell type involved continue [39] .
While the treatments with PA-U2/LF, paclitaxel, and the combination each reduced B16-BL6 tumor growth, synergy was not found between PA-U2/LF and paclitaxel. The absence of synergy could be due to the high efficacy of the individual treatments, as the combination arm would have had to completely block tumor in order to demonstrate synergy. Such a response to therapy is very difficult to achieve with this highly aggressive tumor type. Despite the lack of evident synergy between PA-U2/LF and paclitaxel, it is possible that other drugs which work via alternate mechanisms may show a greater-than-additive effect when combined with PA-U2/LF. Since PA-U2/LF is thought to work by targeting tumor vasculature and other components of tumor stroma, it is possible that cytotoxic agents that are designed to kill the cancer cells directly may not be capable of showing synergy with PA-U2/LF since there is no overlap in target. Alternatively, a drug which also targets vasculature, such as sorafinib or sunitinib, may show synergy when combined with PA-U2/LF.
The majority of previous work in evaluating synergy between protein and small molecule drugs has either been suggestive of a mechanism or did not examine the mechanism. The only work to elucidate the mechanism of synergy between biological agents and chemotherapeutics found that paclitaxel pretreatment decreased mesothelin shedding, thereby decreasing the decoy-mediated inhibition of the anti-mesothelin immunotoxin SS1P, and producing synergy [46] . Suggested effects of ERK1/2 inhibition on the activity of paclitaxel, such as downregulation of P-glycoprotein, could not have been seen in the animal work in this study since the drug was administered before PA-U2/LF and not given a second time. However, in the in vitro cytotoxicity experiment, while the cells were also pretreated with paclitaxel, the drug was left in the culture medium when PA-U2/LF was added, allowing for ERK inhibition to begin to down-regulate P-glycoprotein. If this mechanism were operative in B16-BL6 cells, then the combination treatments should have shown some measure of a dose-response to PA-U2/LF, which was not observed.
This study was the first to examine the combination of the urokinase-activated anthrax protective antigen PA-U2 and lethal factor for the treatment of tumors. Colo205, which harbors B-RAF V600E, was sensitive to toxin treatment in vitro, while B16-BL6 melanoma was not. However, when implanted in mice, the growth of B16-BL6 tumors was slowed by PA-U2/LF as a single agent and in combination with paclitaxel. In addition to the merit shown by PA-U2/LF monotherapy, the safety and additive effect of combination therapy with PA-U2/LF and paclitaxel suggest combination therapies with bacterial toxins deserve further exploration.
